Abstract. Specific growth rates of Limnothrix redekei, Planktothrix agardhii (cyanobacteria), Synedra acus, Stephanodiscus minutulus (diatoms), Scenedesmus acuminalus and Scenedesmus armatus (Chlorophyceae) were compared under different time structures of illumination, but the same daily light exposure, at 20°C. Fluctuating irradiance simulating a uniform rapid transport of the algal cells across the aquatic light field on a cloudless day with z c jz mlx = 1 was compared with constant irradiance throughout the same photoperiod of 12 h length as well as a photoperiod of 6 h length. Fluctuating light (30 min for a cycle) resulted in a decrease in specific growth rates as compared with constant irradiance at the same photoperiod length. This decrease amounts to 15-20% for diatoms, 20-25% for Chlorophyceae and 35-40% for cyanobacteria, respectively. The decrease is somewhat lower if the fluctuations simulating mixing are slower (60 min for a cycle). The specific growth rate is also decreased by a shorter photoperiod, but this effect is more species specific. Regarding the in vivo absorption spectra, fluctuating light or a shorter photoperiod has little or no effect on the Chlorophyceae and diatoms studied, whereas cyanobacteria show an increase in light absorption by chlorophyll a and phycobilins.
Introduction
Planktonic algae living in the mixed layer of lakes are exposed to fluctuating irradiance. The effects of this on photosynthesis and primary production have been studied extensively (Jewson and Wood, 1975; Dokulil et al., 1978; Marra, 1978b; Gallegos and Platt, 1982; Yoder and Bishop, 1985; Nixdorf and Behrendt, 1991; Mallin and Paerl, 1992) . Results were somewhat different, depending on conditions, but no general conclusions have been reached as to growth rates. Direct studies on the effect of fluctuating light on growth rates are rare (Marra, 1978a; Cosper, 1982; Ibelings et al, 1994; Visser, 1995) . However, this point is of particular importance if growth rates determined under the usual laboratory conditions of constant irradiance are to be applied to the field. Therefore, growth rates of some planktonic algae representing different taxonomic groups were determined under simulated natural light fluctuations and compared with those determined at constant irradiance. A second question was whether the different illumination cycles influence the acclimation of the photosynthetic pigment apparatus, as indicated by in vivo absorption spectra.
Phytoplankton in lakes are exposed to unpredictable fluctuations by clouding, the regular sinus-shaped course of sunlight, and an exponentially increasing and decreasing irradiance, if transported through the mixed layer. The simulated natural light fluctuations which we applied consisted of an exponentially increasing and decreasing irradiance superimposed by a sinus-shaped daily increase and decrease in irradiance simulating the predictable components of natural light fluctuations. They were produced by a computer-controlled Venetian blind.
Cultivation conditions
The nutrient solution (MIV; Nicklisch, 1994) was complemented according to the ionic composition of the water of Grosser Muggelsee. It contained, per litre, 0.5 mmol each of CaSO 4 and CaCl 2 , 0.25 mmol MgSO 4 , 0.01 mmol KH 2 PO 4 , 0.1 mmol KC1 and NH 4 NO 3 , 2 mmol NaHCO 3 , 0.002 mmol FeCl 3 , 0.004 mmol Na 2 EDTA, and 0.8 ml of a trace element solution, as prescribed by Gaffron (cf. Zehnder and Gorham, 1960) . In equilibrium with air, the pH was 8.3 ± 0.2.
Erlenmeyer flasks of 500 ml were used as culture vessels. Each was filled with 100 ml of suspension and sealed with an aluminium cap. Cultures were mixed by circular shaking at 60 ± 10 r.p.m. in a thermostat-controlled water bath. The temperature was adjusted to 20 ± 0.5°C.
Illumination was provided from 400 W halogen metal vapour lamps HQI-D® (Osram) for variants with fluctuating light or from fluorescent tubes of light colour 72 Biolux® (Osram) for variants with constant light. Both types have a nearly identical daylight emission spectrum and were installed underneath the water bath to minimize the UV part by the absorption of glass and water. For the generation of fluctuating light, a Venetian blind was placed between the light sources and the water bath. The Venetian blind was connected to an adjusting motor and was controlled by a personal computer with a special program. Irradiance was measured by a 4TC sensor for the scalar photosynthetically available radiation Nebraska) . The values were stored by a data logger. During the time course of the generated light fluctuations, the highest irradiance was -1000 u.mol nv 2 s~l (/ o ), the lowest in relation to I o was about 1% (Figure la The algal strains were acclimated to the experimental temperature and illumination for 1 week.
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Photometric determination ofbiomass and calculation of specific growth rate
During the acclimation phase, the biomass concentrations were measured daily and the cultures were diluted to a desired concentration of 5-10 mg I" 1 organic dry matter (ODM). The biomass determination was carried out with an Eppendorf 1101 M photometer at 436 nm wavelength with cuvettes of 5 cm path length. The photometer was additionally equipped with a double diaphragm between the cuvette and photomultiplier. In such a way, not only the absorbed, but also the scattered light was excluded from detection. Ten to twenty per cent of measured attenuation was due to absorption and the overriding part due to scattering (cf. Kohl and Nicklisch, 1988) . For determination of the specific growth rate, the adapted cultures were further cultivated in a semicontinuous fashion according to the turbidostat principle, i.e. the biomass was measured daily (in some cases every second day) and the daily increase in biomass was removed by dilution. The specific growth rates were calculated from the dilution rates over a period of 2 weeks as a general rule, according to the following equations.
where (i is the specific growth rate, X, is biomass after a cultivation time, X o is biomass after dilution (not measured) and At is the time interval.
where D s is the dilution rate of a semicontinuous culture. From (1) and (2) follows:
The maximum biomass concentration was <50 mg I" 1 ODM. Growth was nutrient saturated and self-shading was considered to be negligible.
Determination of the absorption spectra, organic dry matter and chlorophyll a
In principle, the in vivo absorption spectra were measured according to the opal glass method of Shibata (1959) . First, the algal suspensions were concentrated by a factor of -10, since the biomass concentration was too low for precise measurements. Fifty millilitres of suspension were gently filtered over a Nuclepore® polycarbonate membrane of 1 um pore size, and the supernatant of 4-5 ml and the membrane were transferred to a graduated glass. All algae attached to the membrane could be detached by shaking. The integrity of algae was examined microscopically. The samples were taken 2 h after the onset of the light period. The measurement was made with a spectrophotometer Specord M40 (Zeiss) in the wavelength range 400-750 nm in a 1 cm cuvette, which was pasted with an opalescent foil. The cuvette was positioned directly in front of the photomultiplier. Extra measurements with an integrating sphere showed only minor differences. For calculations, the attenuation numbers were stored in steps of 10 nm. To calculate the ODM-specific optical cross-section (Dubinsky, 1992) , the attenuation at 750 nm was subtracted from the whole spectrum and the data were converted from base 10 to natural logarithms.
Organic dry matter was determined by means of Nuclepore® polycarbonate membranes of 1 um pore size. They were dried at 50°C under a vacuum of 0.2-0.3 bar. Filter and ODM were combusted at 550°C to obtain the weight of the mineral components. Calibration curves were established for photometric biomass determination versus ODM for each species.
Chlorophyll a was measured spectrophotometrically in 90% acetone extracts using the equations of Jeffrey and Humphrey (1975) .
Results
Simulated natural light fluctuations (Figure la and b) decreased significantly the specific growth rate of all algae studied, as compared to constant light, throughout the light period (Table I, Figure 2 ). The length of the photoperiod was the same and the daily light exposure (/ e ), i.e. the integrated values of light supply per day, was adjusted to near the same value (Table I) , but an exact adjustment was impossible. Therefore, the specific growth rates were determined at two constant irradiances (Figure 2) , the higher of which (5.3-7.9 mol m~2 day 1 ) is saturating or nearly saturating. This appears from Figure 2 (there was only a small increase in the growth rate from the lower to the higher irradiance) and from results from a higher light exposure at an 8/16 h light/dark cycle (Table I) . Only Scenedesmus acuminatus and Synedra acus showed a significant increase in specific growth rate in response to higher irradiance, they are not full light saturated, whilst Scenedesmus armatus and Stephanodiscus minutulus only show a tendency to a higher growth rate, and L.redekei and P.agardhii do not show any increase (Table I) .
The two variants of fluctuating light (Figure la and b) , which are designed to simulate a z e jz m i x of 1 or 0.7, respectively, decrease the specific growth rates in nearly the same proportion (Figure 2) .
The cycle length also influences the specific growth rate. The growth rate is higher for a 60 min cycle (Figure lc) compared with a 30 min cycle (Figure la ) for all species, and significantly higher for Synedra acus, Stephanodiscus minutulus and L.redekei (Table I , see 95% confidence intervals).
The specific growth rate of all studied species is also significantly decreased in response to a shorter photoperiod at nearly the same light exposure (Table I, Figure 3 ). The degree of this effect is obviously species specific (Figure 3 ).
It is a clear result that the cyanobacteria are very strongly influenced by both the fluctuations and the photoperiod (Figure 4) , whereas the slightest effect was observed on the diatoms under fluctuating light. The Chlorophyceae take an intermediate position. If the algae are ranked by their response to the reduction of photoperiod (Figure 4) , the result is a sequence of species independent of taxonomic group. However, the strength of the response to light fluctuations is orderly, sequenced with respect to taxonomic groups. Thus, the effect of light fluctuations is more group specific and that of shortening the photoperiod is more species specific. Figure 4 also shows that there must be a connection between the influences of light fluctuations and of shortening the photoperiod, since the species within the taxonomic groups show a correlation between both influences. Obviously, Scenedesmus acuminatus, Scenedesmus armatus, Stephanodiscus minutulus and Synedra acus do not or only change their pigment apparatus a little in acclimation to the mode of illumination (Figures 5-7) , whereas the studied cyanobacteria change their pigment apparatus (the error of the method is -10%). The light absorption by chlorophyll a and phycoerythrin (L.redekei) or phycocyanin (P.agardhii) increases in response to fluctuating light (Figure 7) . The chlorophyll a content shows the same changes in the case of cyanobacteria (Table  II) . The chlorophyll a content is decreased for Scenedesmus acuminatus and increased for Stephanodiscus minutulus in response to fluctuating light (Table II) . This indicates, together with the in vivo absorption spectra, a changed arrangement of photosynthetic pigments (Dubinsky, 1992) . 
Discussion
Light fluctuations which simulate a uniform rapid transport of the planktonic algae across the aquatic light field on a cloudless day with z e jz m \ x = 1 result in a decrease in specific growth rate as compared with the growth rate at constant light of the same daily light exposure and the same photoperiod length. This was shown for the range of nearly or fully saturating light exposure and planktonic algae representing the cyanobacteria, diatoms and Chlorophyceae in the present study. Marra (1978a) with Lauderia borealis, and Visser (1995) with Microcystis sp., obtained comparable results. These authors have compared the effect of light fluctuations with the effect of a sinus-shaped course of illumination (not constant illumination) throughout the photoperiod. Growth was little or strongly reduced by light fluctuations, respectively. However, Cosper (1982) did not find a decrease in the specific growth rate of Skeletonema costatum in response to 12 uniform light fluctuations per photoperiod compared with a constant irradiance throughout the photoperiod. The difference may be caused by the different maximum intensity of fluctuations, which was only 500 umol m~2 s" 1 in the study of Cosper. Shortening of the photoperiod also has a decreasing effect on growth rate. This is known for many species (Castenholz, 1964; Paasche, 1968; Gibson and Foy, 1983; Nicklisch and Kohl, 1989; Kohl and Giersdorf, 1991) . The effect is restricted to the range of light saturation or near light saturation if the daily light exposure is considered (Gibson and Foy, 1983; Nicklisch and Kohl, 1989; Kohl and Giersdorf, 1991) . It is assumed that a common base exists for both cases: the irradiance is higher at some times during fluctuations or throughout a short photoperiod compared with a long photoperiod of the same light exposure. The higher irradiance cannot be used with the same efficiency since the photosynthesis versus light curve has saturation characteristics, but there is also a difference. We have also found a decrease in growth rate by light fluctuations in the range of light limitation (variants with 0.1% / 0 ; Figure 2) , probably since the maximum intensity of fluctuations was not changed. An alternative explanation for the decrease in growth rate by light fluctuations is light inhibition. However, light inhibition usually plays no role if the algae are only exposed for some minutes to high irradiance (Harris and Piccinin, 1977; Harris, 1978; Ibelings et al, 1994) . The substantial difference in the response of diatoms and cyanobacteria to fluctuating light (Figure 4 ) agrees remarkably with their natural occurrence in dependence on water column stability (Reynolds, 1984) and may be connected with a different ability to increase the maximum photosynthetic rate in response to fluctuating light. Marra (1978a) has shown that L.borealis (diatom) has increased the maximum photosynthetic rate in response to fluctuating light and Harris (1978) has summarized that deep mixing populations of diatoms show a high initial slope and a high maximum rate in their photosynthesis versus light curve. On the other hand, Visser (1995) has shown that Microcystis sp. (cyanobacteria) has not increased the maximum photosynthetic rate in response to fluctuating light.
The strong decrease in growth of cyanobacteria under fluctuating light ( Figure  4 ) may be one cause of the diametrical effect of natural or experimental mixing on cyanobacterial growth (Reynolds et ai, 1984; Steinberg and Hartmann, 1988; Visser, 1995) .
Diatoms and Chlorophyceae do not (or only a little) adapt their photosynthetic pigment apparatus to the time structure of illumination ( Figures 5 and 6 ). This confirms the results of Eppley and Dyer (1965) and Cosper (1982) that Dunaliella tertiolecta (Chlorophyceae) and Skeletonema costatum (diatom) adapt their cellular chlorophyll a content to daily light exposure and not to maximum intensity, but slight species-specific deviations are obviously possible (Table II) .
A transfer of specific growth rates measured at constant irradiance under laboratory conditions to lakes has to consider the present results. The diatoms can only grow with a 15-20% lower specific rate, the Chlorophyceae with a 20-25% lower rate and the cyanobacteria with a 35-40% lower rate provided that the relationship of the euphotic layer to the mixed layer is about one. The range will certainly change if more species are studied.
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